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Many-electron correlation effects in the generalized oscillator strengths of noble-gas atoms
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Calculated generalized oscillator strengths for monopole, dipole, and quadrupole discrete and continuous
spectrum excitations in Ne, Ar, Kr, and Xe are presented. The results cover the broad range of transferred
energyw, 0<w<120 Ry and momentum, 0<q<2 a.u. The calculations were performed in the one-
particle Hartree-Fock approximation and with account of many-electron correlations. The latter effects are
included via the random phase approximation with exchange, proving to be important in all dipole, monopole,
and quadrupole channels as well as in all the domains of the transferred energies and momenta considered.
Particularly important are the many-electron correlations at bighlues, where new additional purely corre-
lational maxima and minima appear. These results, particularly the maxima and minima are expected to
stimulate experimental activity in this domain of atomic physics.
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I. INTRODUCTION important information about the electron differential cross
sections(DCS’s) and the integral cross sectiofi€S’s) [2].

Interest in the process of fast-charged particles scatteringassettreet al. [3] established that the GOS approaches the
from complicated structured targets has a long history thaDOS asy?— 0 regardless of the electron-impact energy. Fol-
goes back to the beginning of the 20th century. Since théowing Bethe, the interest in the GOS has been extensive
early 1920s it had become clear that a fast particle has 2—31] for various reasons, particularlgi) the normalization
small de Broglie wavelength and, consequently, can be useaf measured relative DCS[8-18]; (ii) the determination of
to obtain a type of a x-ray picture of any target, therebyOOS’s from absolute DCS{L9-23;; (iii ) the calculation of
giving information about the internal structure of the target.cross sections for energy transfer in molecy@4]; (iv) the
However, in order to obtain information on the target’s struc-evaluation of the singlet-triplet differenc¢g5,2€], (v) the
ture instead of information on the “projectitetarget” sys-  calculation of ICS's[27,28, and (vi) the probing of the in-
tem, fast projectiles must be used. Otherwise, the interactiotricate nature of the valence- and inner-shell electronic exci-
between the projectile and target is too strong, causing sigations[29].
nificant distortions in the target’s structure. While the elastic- Further interest in the limiting behavior of the GOS as
scattering cross sections are capable of yielding informatiog?—0 has been generated by the difficulty of measuring
about the target’s initial state, the inelastic scattering cameliably the electron DCS's for atoms, ions, and molecules at
provide information about the dynamics of the processand near zero angle scattering=0°), [20,32,33. This dif-
through data that could be called “dynamical x-ray picture.” ficulty is still clearly manifested even in the most recent
The desire to study this picture stimulated to a large extenmeasurements of the DCY84-38. The problems of ob-
the investigation of photoabsorption. However, for frequen-aining absolute values of the measured relative electron
cies not too high the photoabsorption is dipole. This limitsDCS’s using a GOS technique and the contribution to the
the value of such a picture. On the contrary, the inelastidCS’s from small angular region has been discusgEd.
scattering of fast-charged particles is strongly affected byRecently, various methods have been develdi&d39—-41
non-dipole contributions, particularly when the scatteringto guide small-angle electron-scattering measurements. Also,
angles are not too small. Therefore, the inelastic scatteringpvestigations of correlation effects on the GOS minima and
process can deliver a much richer “dynamical x-ray picture”maxima have been carried out using the random-phase ap-
than obtainable from photoabsorption. proximation and exchangd&kPAE) [42—-45.

Apart from the purely scientific interest, fast-charged par- Following previous theoreticdh6—49 and experimental
ticle inelastic-scattering cross sections for atoms, any finit¢49—-51 studies, correlation and exchange effects on the
multiatomic formations and solid bodies are required in acharacteristic extrema in the GOS for the Ap®3-3p°4s
number of other fields of science, such as astrophysics, solidransition were investigated and found to be unimportant
state physics, and the physics of ionized gases. These dd#2]. The calculated positions of the extref#2] have been
are also of great importance in technological applicationsconfirmed by a recent experimgr9] that determined abso-
such as, for example, electronics. lute GOS’s for various dipole-forbidden and dipole-allowed

The generalized oscillator strengtBO9 concept, intro-  transitions, including the [2,—4s innershell transition.
duced by Beth¢l], manifests directly the atomic wave func- However, for the resonance transition in Na intershell, cor-
tions and the dynamics of atomic electrons. Apart from con+elations were found to influence the characteristic extrema
verging to the optical oscillator strengt®OS in the limit of  significantly. Furthermore, a previous prediction of strong
the momentum-transfer squargél—0 the GOS can provide relativistic effects[52] in the 4p—5s excitation of Kr has
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been negated by a recent calculatfes] and measurement k; states that satisfy the energy conservation relation(Hq.
[53] In all the studies abOVe, the GOS was examined as énd have the same Spin_ The transition oper@q)
function ofg? at a fixed value of the electron-impact energy. =exp(q-r) can be represented as a sum of contributions

. Th;_s p?pers mtelrestt, contrar;l/ tt(') all p;frev;ogstshtucgeg,sl,s t(}/\/ith different multipolaritiesA,(q) of which we retain the
Investigale many-electron correlation €fiects in the S Ofargest ones, namely, the dipale-1, monopolel =0, and

the noble gas atoms Ne, Ar, Kr, and Xe, not only their de'quadrupole} =2 terms. Then the GOS amplitudes, which are
pendence org but also on the energy transferred, The . ~ ) .
relatively complicated many-electron systems have been s&1alrix elements ofA(q), are obtained by performing nu-
lected to demonstrate that multielectron correlations are verjnerical integration ofA;(q) and a product of the two HF
important throughout the domains @, 0O<w<120 Ry Wave functions.

andqg, 0=<qg<2 Ry studied here. Most previous investiga- The next step in the GOS calculation is to take into ac-
tions of the GOS’s examined their variation with respeagto count the many-electron correlations. This can be done only
only for dipole transitions. Here, monopole and quadrupole2pproximately due to the very complicated nature of the pre-

transitions are also covered. cise wave functionsf; ¢(ry .. .ry). In this paper, we take
into account the many-electron correlations within the frame-
Il. THEORY OF GENERALIZED OSCILLATOR work of the random-phase approximation with exchange
STRENGTHS (RPAE) [54,55. This approximation has been applied very

successfully to photoionization studig=f]. It is also capable
The inelastic scattering cross sections of fast electrons avf describing experimental data in this field, e.g., data on
other charged particles incident upon atoms or molecules afghoton absorption by ioding56], nondipole corrections to
expressed via the GOS(w,q) [1,4] which is a function of the photoelectron angular distributions in noble gases
the energyw and the momentum transferrgdo the target in  [57,58, as well as extrema in atomic GO$42—-45.

the collision process. The GOS is defined Bs(atomic units In order to obtain the matrix elements of the transition
are used throughout operatorAgpag(®,q) in the RPAE framework, an integral
N equation has been solved. This equation can be represented
2w symbolically ag55
Gfi(w,q)=¥ 121 f WE(ry...ry) Yy y ag55]
) Arpae@,0)=A(0) + Agpad ©,a) X x(0) XU, (4)

xexp(irg-q)gi(ry . ..rydr| (1)

Here, y(w)=(w—Hg) *—(w+He) ' describes the
propagation of noninteracting virtually created electron-

whereN is the number of atomic electrons aig are the vacancy pair with the Hamiltoniaii,,; U denotes the

atomic wave functions in _the initial and final states with combination of direct and exchange terms of the interelec-
energiesE; andE;, respectively, andv=E;—E;. Because i > o )

the projectile is assumed to be fast, its wave functions arfon Coulomb potentiaV/y,=1/r; —r5|. Equation(4) can be
plane waves and its magdd enters the GOS indirectly, solved, also symbolically, leading to the expression
namely, via the energy and momentum-conservation law

o A
_ A , Z%. 5
%—%:w. @ rPAE®@,0) 1 ()% 0 &)

This equation permits the qualitative investigation of the
general features of collective multi-electron effects in the
GOS’s. Indeed, we are looking for their strong enhancement

Here, p is the momentum of the projectile. It follows from
the GOS definition Eq(1) that whenq=0, the GOS coin-
cides with the OOS or is simply proportional to the photo-that corresponds to zero denominator in 5. The fre-

ionization cross sectiofsee for examplé¢4,35]), depending ) ; .
upon whether the final state is a discrete excitation or beguenuesﬂ that are solutions of the equation

longs to the continuous spectrum. The enesgenters the A .
GOS directly via a factor in Eq(1), and indirectly, via the 1-x(Q)xU=0 (6)
energyE; of the final statgf).
In the one-electron Hartree-Fock approximatietF) Eq.  are called giant resonancéSR’s).
(1) simplifies considerably, reducing to the following expres-  Multielectron correlations can manifest themselves also in
sion: interference resonancé®’s) and correlation minim&aCM).
In IR’s, the transition operator of, for example, an outer
2w . . atomic shellA® ,{wr,q) is much greater thal(©)(q).
9ri(@,q)= ? n%f f b (NEXig- 1) ¢p (N)dr| , (3) This occurs because of the large transition operator

A8, (wr,q) from the inner subshell, which is strongly
where¢ni K, are the Hartree-Fock wave functions. The sum-coupled to that from the outer shell by the intershell interac-

mation is performed over all one electron initigland final  tion U, so that

2
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A (0) ~ Al (i) "j(i0)ss A(0) multielectron correlations within the RPAE. Three multipoles
Arpad @ir Q)= Arpadl @ik @)X (@) XUTHA (q()7.) were considered in the calculations of the GOS'’s; they cor-

respond to the dipole, monopole, and quadrupole transitions.
At the correlation minima, destructive interference occurs, saVe want to demonstrate the variation of the role of correla-
that Agpag(@cm»9) =0, while A©)(q) #0. tion effects with the growth ofs anda.

Nonsymbolically, Eq.(4) is usually presented in matrix The w dependence of the dipole GOS’s fgr 0 is rea-
form, which naturally, looks much more complicated thansonably well known because, fqe=0, the GOS's are simply
Eq. (4): proportional to the extensively studied photoionization cross

. sections. Extremely strong multielectron effects were found
(flArpad@,q)|i)=(flexp(iq-r)]i) there in a very broad photon frequency range, from the outer
shells to well above the inner-shell thresholds. It is known
+ > - > that the whole variety of correlation effects, namely the intra-
n'sFk'>F n'>Fk'<F and inter-shell interaction proved to be very important in
A o . photoionization. Most prominent among these effects are the
><<k |Arpag(@,q)[n"){n"flU]k '>_ dipole giant and correlation resonandé&gl]. However, al-
w—¢g+ep+in(l—2n,) most nothing is known about the variation of these reso-
) nances in GOS’s with the growth af even in the dipole
channel. The monopole and quadrupole GOS’s have never
Here,<F (>F) denotes occupiet/acanj HF statesg, are  been studied from this point of view at all.
the one electron HF energieg—0, andn,=1(0) for k In this paper, GOS’s for outer and intermediate subshell
<F (>F); (nflU]ki)=(nf|V|ki)—(nf|V|ik). The proce- electrons have been calculated, namely, for the following
dure of its solution is described in detajs4,55. Note that ~ subshells: P8, 2s?, 1s?in Ne, 3p®, 3s? in Ar, 4p8, 4s?
contrary toA(q), Arpag(,q) is a nonlocal operator, which and 31'?in Kr, 5p°, 5s?, and 41'%in Xe. The interaction
corresponds to two space coordinatesind r’ instead of among all these electrons has been taken into account while
only oner in A(q). solving Eq.(_8). In order to check the numeriqal accuracy of
Using Eq.(4), one can represent the GOS’s with an ac-0uUr calculations, the latter were performed in two forms of

count of many-electron RPAE correlations in the following the transition operatoh(q), namely, the length fornA'(q)

form: and the velocity formA”(q). In RPAE, just as in calculations
) with precise wave functions, the results in these two forms
RPA _ %A 2 must agree. An agreement within a 1-2% error between the
Gi e q2Kfl'A\RPAE(CU’Q)|I>I ' ® two forms was considered as acceptable in all our calcula-
tions. Consequently, here we present only the length form of

Here, (f| and|i) are, respectively, the final and initial HF our results.

states. Eqs(4) and(8) for Agpag,q) decouple into a sys- The results demonstrate an unexpected richness of the in-
tem of independent equations for partial contributions with aerelectron interaction effects, which persist with the increase

given angular momentuy AL, ,(,q), which we solved  of the energyw and momentung for all the GOS’s consid-
numerically, as it is described if55]. The operator of the ered: monopole, dipole, and quadrupole, in all atoms. The
interaction between fast charged particles and atomic elegnultielectron effects in Kr and especially in Xe, are particu-
trons can be represented in another form tAdqg) = A" (q) larly strong. With the growth of, the giant and correlation
=exp(q-r). This is analogous to the case of photoionizationfeésonances are strongly modified. Apart from them, with an
and can be callettngthform. The other one is similar to the increase ofg, new maxima also appear for all, i.e., dipole,
velocity form in photoionization and looks IikE55] monopole, and quadrupole GOS’s. The interelectron interac-
tion dramatically affects the GOS'’s of the few-electron sub-
Av(w,q)=[exp(iq-r)(q-V—q-V)expig-r)], (100  valent subshellas?. At high , these subshells affect con-
siderably the GOS’s of neighboring multielectron shells.
where the upper arrow iV in Eq. (10) implies that the In our investigation of correlation effects on the GOS’s

function standing to the left is being operated on. of monopole, dipole, and quadrupole transitions of Ne,
Ar, Kr, and Xe, we generated many HF and RPAE GOS

densities and ratios of the latter to the former. To keep the
manuscript within a reasonable length and convey succinctly

As has already been mentioned in the introduction, théhe most important results of our consideration, we have
main aim of this paper is to present results of extensive calearefully selected a number of representative figures to be
culations of the GOS’s of noble-gas atoms Ne, Ar, Kr, anddisplayed here. We also refer in the description of results to
Xe. The calculations are performed in a very broad region obther data not displayed, but that can be obtained directly
the energy transferred to the atom (up to 120 Ry and  from the authors. The essentials of our objectives are, never-
momentumg (up to 2 atomic units The results are obtained theless captured in the many representative figures presented
in the one electron HF approximation and with an account obelow.

Ill. RESULTS OF CALCULATIONS
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FIG. 1. Generalized Oscillator Strengths for Ne atom as functions of the transferred engRgyand momentung (a.u). (2) Monopole
GOS total density G55 (w,q) + G5 ~ri(,0) ] in RPAE. (b) Ratio ofdipole GOS densities fo2s electrons, with and without RPAE cor-
relations, 7,5 . .p(@,0) =G5 i (,0)/Ghe ., ,(@,0). (c) Quadrupole GOS total densifiG5e 5(w,q) + G545 (,0)] in RPAE. (d)
Ratio of quadrupoleGOS densities foBs electrons, with and without RPAE correlationg,s . .q(w,q).

A. Calculated results for the Ne atom 2. Ne dipole channel

1. Ne monopole channel In the dipole channel, the GOS’s are decreasing with in-
creasingg, consistent with the general expressions Edjs.
Figure Xa) demonstrates the behavior of the monopole(3), and (9). Correlations affect the transition considerably
GOS total densitieiGgppfeEp(w,q)+G§STEES((U,q)] in the for all values of q and w considered. The ratio
RPAE as bothg and  vary from 0.1 to 1.9 a.u. anti (I 72p—ed,s(@,0) =G55 "5y (@,0)/Ghy . 4 (@) varies from
being the ionization potentiathrough 160 Ry, respectively. 0.4 to 1.2 over the range a$ values. As an example, Fig.
As seen in this channel, the GOS's, characterized by two seffb) illustrates the variation withg and » of the ratio
of maxima, are rapidly increasing with the growth @fA  772s—.ep(@,0) =G4 ~5(@,0)/Ghg . ,(w) for the dipole
prominent maximum, a kind of shape resonance, appears &8annel of the Ne gelectrons. Clearly, for th€55 A% (w,q)
early as whemq=0.1 a.u. atw,,=3.8 Ry and moves to the role of correlations is much stronger near threshold and
wnac=4.8 Ry whenq=1.9 a.u. The magnitude of this becomes insignificant as increases beyond about 20 Ry.
maximum increases dramatically wharincreases from 0.1 Indeed, this ratiog,s . .,(,q) grows withq and reaches the
to 1.9 a.u., but reaching its peak @=1.5 a.u. before it value of about 11.7 whelgq=1.8 a.u. This manifests the
starts to decrease. The insert shows the variation of the gogesence of correlation maxima and interference resonances
densities over the range 8Qw<160 Ry. A second set of [see Eq(7)] in the 2s— ep transition.
maxima appears that increase monotonically withand
whose magnitudes are much smaller than those of the first 3. Ne quadrupole channel
set. Their position is ab,,,=65 Ry and is independent of Just as in the monopole transition, the RPAE GOS's for
g. The RPAE correlations are essential for thp2ep tran-  the Ne quadrupole channel increase rapidly with the growth
sition, but they are also noticeable for the-2es transition  of q from 0.2 through 1.8 a.u. as shown in Figc)l Here,
(results not shown too the transition is characterized by two sets of maxima, the
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FIG. 2. Generalized Oscillator Strengths for Ar atom as functions of the transferred emefBy) and momentung (a.u. (a) Ratio of
monopoleGOS densities foBs electrons, with and without RPAE correlationss, .. »(w,q)=G5¢ e (,0)/GEL ., (w,q). (b) Ratio of
dipole GOS densities for3s electrons, with and without RPAE correlationgss_..p(@,q). (¢) Quadrupole GOS total density
[G5y A5 p(@,0) + G5 A5 (w,0)] in RPAE. (d) Ratio of quadrupole GOS densities for Ar 3s electrons, with and without RPAE correlations.
first maximum of the first set occurs at,,,=4.3 Ry andthe mum wheng=1.1 a.u. of magnitude of about 0.25 before
last atw,,,=6.6 Ry, corresponding to values @F=0.2 and  they begin decreasing. The position of the first maximum of
1.8 a.u., respectively. This maximum increases rapidly fronthe first set of maxima occurs at,,,=2.7 Ry and corre-

a near zero value fog=0.2 a.u. to about 0.23 fog=1.4  sponds tog=1.1 a.u. It moves to higher values ef with
through 1.6 a.u. The position of the second set of maxima dhcrease in qa, reaching the value of about 0.1 Wh%)(
aboutwna=80 Ry is independent af, but their magnitudes =5 Ry. Two other sets of maxima, about an order of mag-
increase monotonically with as |t.grows from 0.2 tc_) 1.8a.u. pitude smaller than the first set, occura@yt,=20 Ry and
For the Ne quadrupole transition, the correlations, deterzomaXEZS Ry, with their positions independent gbut their

mined by the rationy, .. p(w,q), are important ag| in- aqnitdes being reversed in comparison with the first set.

creases; they vary from 0.8 to 1.4. Much more important,-l-he maximum corresponding tp=1.9 a.u. dominates, fol-
however, are the corrections in thes-2ed transition. lowed by those belonging tq=1.5, 1.1 a.u., etc., in both

The corresponding  ratio 75 . .4(®,0) = Ghe rea(@.0)/  gets,

Ghe_a(@,d), shown in Fig. 1d) increases dramatically, by  The monopole GOS's of the inner subsheljg?2ind 22

more than a facto_r of 200 in the narrow range2s grow rapidly asw increases. The ratigs, . .,(,q) differs
<25 Ry, forq varying from 0 through 1.8 a.u., then de- considerably from unity, demonstrating the significance of

crease to a value of about 27¢et 1.8 a.u. Beyond about 30 correlation effects for this transitioffigure also not shown
Ry correlations remain insignificant all the way through 120pmych more important, however, are the correlations in the

Ry. monopole 3—es transition, manifested through

M3s—es(®,q) Which varies between about 0.4 and 1.2 and

B. Calculated results for the Ar atom has an interesting dependence on bethndq as shown in
Fig. 2(a). This ratio is characterized by essentially two sets of

broad maxima for a fixed value af, while o varies from
In the monopole channel of the Ar atom, the GOS’s ini-the ionization threshold to about 120 Ry. Interestingly,
tially increase rapidly withg, then reach an absolute maxi- for q=0.1 a.u. correlations diminish considerably as

1. Ar monopole channel
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w—120 Ry, while their significance persists for the remain-increases from 1.1 a.u. through 1.9 a.u. The first set of
der of theq values. maxima reach absolute maximum valuegat1l.1 a.u. when
omna=2-5 Ry, then begin to decrease g@approaches 1.9

2. Ar dipole channel a.u. The corresponding position of the maximum moves to-

Just as in Ne, the Ar dipole channel GOS’s are increasinyvard higher energies, from,,,,=2.3 Ry atq=0.1 a.u. to
with o for all the values ofy varying from 0 through 1.8 a.u. @ma=5.35 Ry atg=1.9 a.u. The dependence of the mono-
The position of the maximum associated with thiei8niza-  pole GOS’s uporw andq is illustrated in Fig. 8. Here,
tion threshold, while the maximum itself is decreasing inalso, a second set of maxima, independent,oppears at
magnitude, moves to higher energies, fram,=1.5 Ry at aboutw,,=7.5 Ry. The magnitudes of these maxima in-
g=0 to w,,,,=3 Ry atq=1.8 a.u. Two additional maxima crease with increase @f with the largest value correspond-
appear aiw,,,=20 Ry andw,,,=25 Ry, whose positions ing toq=1.9 a.u. and the lowest @p=0.1 a.u.
are independent of the values @fbut their magnitudes are The ratio 74, p(,q) for the 4p— ep transition is af-
roughly an order of magnitude smaller than the first maxi-fected considerably by RPAE correlations, varying from 0.2
mum corresponding tg=0. Correlations are large for the to 1.3 for 0<w<30 Ry. Then this ratio approaches unity as
3p— ed,s transitions, so that the ratigss .4 s(@,q) varies  the energy increases toward 120 Ry. The rafig_. (»,q)
between 0.25 and 1.9 within the range@=<23 Ry.As an  for the 4s— es transition is affected by RPAE correlations
illustration qf the |mportanc¢ of correlations on the GOS’s\y,,ch stronger than that forp4- ep transition, varying from
for the Ar dipole channel, Fig.(B) presents calculated re- 45 1o 1.55 for G<w<70 Ry. Consequently, the ratio

sults for theznss . ,(,q). Clearly, the great importance of ; ; :
. S35 BT AR : - ,q) approaches unity at considerably higher ener-
correlations in this transition is evident. They are a manifes-/4S (@) app y y 9

tation of the presence of the Interference Resonance inghe ngfeﬂ:ﬁg tggﬂs‘”:]ig(rwtﬁg goa R;rpg]il t?gr:reéig?]nz\;g];lu;
subshell photoionizatiorisee, for example, Ref54]). We €

note, that their significance diminishes considerably beyongroader. energy range. This ratio is iIIu'strated' in. FiQJ)S
aboutw=30 Ry. where it is seen thatyy_. .4(w,q) deviates significantly

from unity over the entire energy domainyg<w<120 Ry,
3. Ar quadrupole channel wherel 34 is the ionization potential of thed3subshell.

The quadrupole channel GOS’s for Ar, displayed in Fig. .
2(c) increase rapidly witly as it moves from 0.5 a.u. through 2. Kr dipole channel

1.9 a.u. Here, the structure of the GOS curves is more com- Figure 3c) depicts the variation of the dipole GOS's in Kr
plicated than that for the monopole transition. The associategs 5 function of botly and w. Just as in the cases of Ne and
first set of maxima, with their positions almost fixed with Ay the dipole GOS’s are characterized by two sets of
respect tog variation atwma=2.5 Ry, peak ag=1.1 au. maxima. The positions of the maxima near the ionization
before they begin to decrease gsincreases beyond|  threshold move forward from 1.3 to 4 Ry whevaries from
=1.1 a.u. thrOUgh 1.9 a.u. There are three additional sets Qfl a.u. through 1.9 a.u. and the magnitudes of the maxima
maxima atwma,=20, 24, and 25 Ry. For each of the three decrease from about 6 to 0.4 with the increase fbm 0.1
sets of maxima, contrary to the first set, the order of signifiz u. through 1.9 a.u. A second set of maxima, much broader
cance of the maxima is reversed, viz. )¢ 1.9 a.u. curve than the first set for a giveq value, appears in the range
has become the most dominant, followed by thoseqat 15<w<20 Ry. Contrary to the Ar quadrupole channel and
=15, 1.1 a.u, down tq=0.1 a.u. Kr monopole channel, the magnitudes of the maxima in the
The rationzp_, ., p(w,q) varies from 0.8 to 1.6 within the  first and second sets maintain the same order and decrease
range O< w<30 Ry. However, most interesting is the behav-with increase im, viz. the largest magnitude of the maxima
ior of the ratio 7z .q(w,q) as a function ofw displayed in  corresponds tg=0.1 a.u. and the lowest @=1.9 a.u.
Fig. 2d). It is characterized by two sets of relatively narrow,  The interesting variation from about 0.4 to 2.0 of the ratio
sharp, and large maxima. In the first set, the maximum;up%dys(w,q) for 1,,<w<30 Ry wherel,, is the ioniza-
moves fromwm,,,=4.1 Ry atq=0.1 a.u. throughv,,=4.4  tion potential of the # subshell, is displayed in Fig.(8.
Ry atq=0.7 a.u. tow,,,=6.7 Ry atq=1.9 a.u. and de- The variation of this ratio witho, manifests its strong influ-
creases from 70 to 4 and then increases up to 58. In thence by the multi-electron correlations, namely the giant
second set, the maximum is much larger with . 4(»,q)  resonance in thed®— ef transition. Beyond about 30 Ry the
=312 at wy,=51.8 Ry for theq=0.1 a.u. curve and influence of correlations is unimportant as battandq vary.
decreasing toyss . q(@,0q) =34.6 atwm,=58.8 Ry for the  The magnitudes of the maxima decrease with increasg in

g=1.9 a.u. curve. and their positions move forward gsnoves from 0.1 to 1.9
a.u. The behavior is similar to that for the Kr dipole GOS'’s
C. Calculated Values for the Kr atom of Fig. 3(c). The variation of 745 . .,(®,q) within a rela-

tively narrow energy range is even stronger than that of the
Nap—ed,s(@,0). The ratio 734 . p(w,q) deviates slightly

For the monopole channel, the GOS’s of Kr behave simifrom unity, varying between 0.8 and 1.1 over the entire range
larly to those of Ar. The GOS’s begin by rapidly increasing of w. This demonstrates a mild influence of correlation ef-
with g up tog=0.7 a.u., then they rapidly decrease wlign fects on the 8— ef,p transition.

1. Kr monopole channel
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FIG. 3. Generalized Oscillator Strengths for Kr atom as functions of the transferred enéRyy and momentung (a.u. (8) Monopole
GOS total density Gy 5 (w,0) + G A(w,) + G55 (w,q) ] in RPAE. (b) Ratio ofmonopoleGOS densities fod electrons, with and
without RPAE correlationsysq . .q(®,q) =GR (w,9)/GEY . 4(»,q). (c) Dipole GOS total densityf GRFAE, (w,q) + GRFAE (w,q)

4p—ed,s 4s—ep
+G51 % o(0,0)] in RPAE. (d) Ratio of dipole GOS densities forp electrons, with and without RPAE correlationgy, . .q.+(,q)
=Gy as(@.0)/GlY .4 (,0). (e) Ratio of quadrupole GOS densities fordp electrons, with and without RPAE correlations,

Nap—et,p(@,0). (f) Ratio of quadrupoleGOS densities foBd electrons, with and without RPAE correlationg;g_, ¢ s(@,q).

3. Kr quadrupole channel their positions, but only slightly; wheq=0.3 a.u., @max

The quadrupole GOS's in Kr are characterized by two sets=13.8 Ry and wherg=1.9 a.u., o,5,=20 Ry. This be-
of prominent maxima. The first set of maxima increases witthavior is similar to that for Ne and Ar transitions.
g as it varies from 0.1 to 1.1 a.u., where the maxima reach Figure 3e) presents the variation of the ratio
their absolute maximum value, before they decrease withy,,_. . ,(w,q) with @ andg. Clearly, it is rather a compli-
increasingy. As g varies from 0.1 to 1.9 a.u. The correspond- cated oscillatory function of bot andq for all the values
ing positions of the first set of maxima move from 2.3 to 4.30f q considered, from 0.1 through 1.9 a.u. This behavior
Ry. The second set of maxima increases vgthincluding  manifests the significance of correlation effects for this ratio.
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We note that here the positions of the maxima shift to highethe 4d— ef transition, the first maximum corresponding to
values ofw asqincreases from 0.1 through 1.9 a.u. The ratiogq=0.1 a.u. appears ab,,=7 Ry and its position moves
N4s— d(®,q) (Not shown reaches extremely large values, asforward while decreasing in magnitude at the same time,
much as 2000 for smakl, q=0.14 a.u. andw<10 Ry. reachingw,,=8 Ry whenq=1.9 a.u. For the second set
The RPAE correlations in the quadrupole GOS'’s of tlte 3 of maxima, theq=0.1 a.u. curve corresponds to the largest
subshell in Kr are quite small, but are represented by anaximum, while that foq=1.9 a.u. represents the smallest
smooth oscillating curve, given in Fig(f3. As in the previ- maximum.

ous figure, the positions of the maxima are shifted forward to The role of RPAE correlations is sufficiently large so that
large values of» asq increases from 0.1 through 1.9 a.u. the rationsy_ .q s(»,q) for values ofw<20 Ry reaches the
value 10.3 for q=0.1 a.u. For >20 Ry the ratio
7s5p— ep(@,Q) is close to unity. Very interesting is the behav-
ior of the ratio7ss_. ,,(@,q) which is presented in Fig.(d).

1. Xe monopole channel The role of correlations in general and of the giant resonance

The monopole GOS'’s in Xe, just as in the other noblein the 4d— ef transition in particular, is very §ignificant. It
gases, increase rapidly near the ionization threshgjdith should be noted that with the growth gfthe primary curve
increase ofg and reach their largest value 0.7 a.u. or the 75, p(w,q) ratio corresponding tg=0.1 a.u. es-
Here, also, the GOS's are characterized by two sets 0_*?].entlally reproduces itself, but on a Ia_rge_r scale, resembllng
maxima. For the first set, a maximum appears fpr N shape the.well-known Xe$ph9t0|on|zat|on_ Cross section
—1.1 a.u. and disappears loy=-1.9 a.u. while decreasing [54]- The rations,_. ;(w,q) first increases with the growth
in magnitude. A second set of maxima appears at about 6 R@f 0 reaching a very large maximum wher=1.5 a.u. be-
The maximum being very small fag=0.1 a.u., increases 10re decrea_lsm_g to a_lbout 25 whgr 1.9 au.To understand
rapidly with g and reaches its absolute maximum value afhis behavior it is important to bear in mind that the 5
g=1.5 a.u., whose magnitude is almost as large as the Or@otomnlzatlon cross section in Xe, just as in Krand even
atq=1.1 a.u. Interestingly, here the effect of the layef N Ar 3s, are strongly suppressed, as compared to the cross
Xe is clearly manifest, particularly on the second set of theSections of theinp neighbors[54]. Clearly, asq increases,
maxima: they are pulled strongly closerltg in comparison the cross sections are liberated from this suppression.
with those of Ne, Ar, and Kr. In Xe the g=15 au. maximum in the ratio

Figure 4a) shows the variation of the ratigs, . .(,q)  7sp—ep(®,d) originally at wma=9.5 Ry in the first set of
for the 5p—ep transition in Xe. It is affected by RPAE Maxima, moves t@ng,=13.6 Ry in the second set. Beyond
correlations much stronger than that for the-4ep transi- ~ about 25 Ry correlations become insignificant right up to 120
tion in Kr, varying from 0.2 to 5 fol s,<w<10 Ry. Fore RY. Figure 4d) depicts the variation of the ratio
greater than about 30 Ry, the ratio stays around unity, indiZZ4d—ef,p(@,d), Which shows that correlations in thed 4
cating that correlation effects are unimportant for all the — €f,p transitions in Xe are much stronger than those in the
values considered here, except épr 0.1 a.u. where corre- 3d—ef,p transition in Kr. Strong oscillations, varying be-
lations are very significant up to 120 Ry. Interestingly, at lowtween 0.47 and 1.37, characterize the rafig . .t p(®,q) in
values of w, the ratio corresponding tq=1.9 a.u. is the the energy regionn<<30 Ry. Fore>30 Ry this ratio ap-
most sensitive to correlations, while for large values, Proaches monotonically unity for all thevalues considered
greater than about 70 Ry, the ratio for the- 0.1 a.u. curve here, except that correl_anons mfluenc_e thel.9 a.u. ratio
is the most influenced by correlations. The ratio l€ss when compared with that belonging to the others. Note
7ss..(®,0), not shown, varies within much narrower that for the first set of maxima the ratigq . er,p(w,q) cor-
bounds, 0.3 7z ..s(w,q)<1.5, in comparison with those respondmg to theg=1.9 a.u. value .has _the largest maxi-
of the 5p— ep transition. mum, but in the second set of maxima, it has assumed the

Figure 4b) depicts the ration,q ..q(®,q), showing that IOW(_a_st value compared to_the rest o_f the curves. Also, the
correlations in the d— ed transition of Xe are much stron- POSition ofg=1.9 a.u. maximum is shifted to a higher value
ger than the correlations in thed3- ed transition of Kr and  Of @ in comparison with that of thg=0.1 a.u. curve.
their significance is over the entire range of theand q
values considered here. 3. Xe quadrupole channel

D. Calculated values for Xe atom

As seen from Fig. &) the quadrupole GOS’s in Xe are
characterized by three sets of prominent maxima for algthe

The GOS's for dipole transitions in Xe, just as in the samevalues considered, particularly those corresponding to
transition of the other noble gases, are characterized by twg>0.1 a.u. In the first set, the maxima are rapidly increasing
sets of maxima, but this time they are much closer togethewith the growth ofg, up to 1.1 a.u. where they reach the
and to the ionization threshold, demonstrating the strong inabsolute maximum value before they start to decreasg as
fluence of the large charge in Xe. A maximum first appearsncreases beyond 1.1 to 1.9 a.u. The position of the maxi-
for g=0.7 a.u. atw,;,=1.3 Ry and moves forward to mum moves from 1.3 Ry wheg=0.1 a.u. to 2.0 Ry when
owma=3.8 Ry, while at the same time decreasing in magni-g=1.9 a.u. For the second set of maxima, the maximum
tude, asq increases tq=1.9 a.u. For the second set of corresponding t@=0.3 a.u. moves fronw,,,=2.9 Ry to
maxima, reflecting the influence of the Giant Resonance imw,,=5.7 Ry forq=1.9 a.u. For the third set of maxima,

2. Xe dipole channel
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FIG. 4. Generalized Oscillator Strengths for Xe atom as functions of the transferred enéRyy and momentung (a.u). (a) Ratio of
monopoleGOS densities fobp electrons, with and without RPAE correlationss, .4 (w,0) =G5 5y «(@,0)/Giy .4 (@,0) . (b) Ratio
of monopoleGOS densities fodd electrons, with and without RPAE correlationgsq_. .q(®,q). (c) The ratio ofdipole GOS densities for
Sselectrons, with and without RPAE correlationgs_..,(w,q). (d) Ratio ofdipole GOS densities fodd electrons, with and without RPAE
correlations, g . .1 p(®,0). (€) QuadrupoleGOS total densitf Giy -5 ,(@,0) + GRS A5 (w,0) + Gy A5, 4 «(@,0)] in RPAE. (f) Ratio of
quadrupoleGOS densities fodd electrons, with and without RPAE correlationgy_. .q <(@.q).

the maximum increases monotonically with the growtlgof However, they are represented by a very interesting oscilla-
from wm=11 Ry wheng=0.3 a.u. tow,,,=14.8 Ry for  tory structure, varying between the bounds of about 0.85 and
g=1.9 a.u. 1.10, right to the highest value af considered. Close to 120
Figure 4f) shows the effects of the RPAE correlations Ry, the g-dependence of the correlations disappears, the
represented by the ratig,q .4 s(@,q) for the quadrupole curves become indistinguishable and approach the
transition 41— eg,s in Xe. Just as for the 8- €g,s in Kr, =120 Ry value with a steep slope. The ratio
they are relatively weak in the Xedd-eg,s transition. 7z, p(®,q), varying between the limits of 0.58 and 1.3,
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demonstrates essentially the influence of the RPAE correlagrowth of q as seen from Fig. (3). Figure 4a) shows that
tions upon the p subshell. The effects of correlations, de- RPAE effects on the GOS'’s increase significantly with
termined by the ratioyss . .4(®,q), upon the GOS’s of the growth for allw<3 Ry and for much higher values afthe

5s subshell are much stronger than those upon thesb-  situation is r'eversed.' However, the RPAE. effects on the
shell for which the ratio isys, . o(,d). The former ratio GOS'’s c_Jf the mtermed_latecBand ' subshel!s in Kr and Xe,
has for all theq values examined here, a large maximumrespectively, are modified rather weakly @creases.

with its smallest value being 5. For=0.7 a.u. the former Some comments on the quadrupole GOS's are also appro-

ratio reaches a very high value of 3500, which is a result ofiate. Their dependence apfor smallq values is the same
a zero in theGH" (w,q) at q=0.1 au. for 3.&w a5 that for the monopole GOS's. With an increase ithey

<5.3 Ry. begin by f.irst growing rapidly, ag?, and.then, thgr reaching
their maxima atgy,y~1/r,, wherer, is the ionized sub-
shell radius, they begin to decrease. Figur&d) And Zc)
IV. SUMMARY AND DISCUSSION OF RESULTS display the results for Ne and Ar, respectively. The same
basic argument applies to tlggdependence of the GOS'’s for
In this investigation of the GOS’s of the noble-gas atomsky and Xe [see Fig. 40)]. The q variation of the RPAE
we have found that ag increases, the relative role of corre- correlations ford electrons is relatively small, but rather
lations, particularly of the intershell ones, changes considercompncated as seen in Figs(fBand 4f).
ably, in some cases even dramatically. The qualitative expla- |n summary, the GOS's for Ne, Ar, Kr, and Xe are
nation for this is found in the oscillations of the operator strongly affected by the multielectron correlations and their
exp(q-r) as a function ofr, which affects differently the relative role is not decreasing but rather increasing, if not
matrix elements of the transitions from outer, subvalent an@&lways, agy grows.
inner subshells of the atoms considered. Consequently, the
relative role of the second and first terms in E8). becomes V. CONCLUSION

gféesrfanft, thgs Ieadlr:jg tolcon3|derable differences in the We have demonstrated that the electron correlations, both
it S for glver_mf[ a? gva_ uebs. i ing the famil Olintra- and inter-subshell, are important in the GOS’s of the
IS appropriate 1o begin by discussing the tamiliar an investigated atoms for all the values®fandq considered in

easier ]Ec;hundetrste:zréd dg)olee G%S;' ”|n Ne ar;ﬁ Ar the ,anﬂu'this paper. We have found that additional maxima and
ence of the outer @ and ° subshells upon the inners minima of entirely many-electron correlation nature appear

and 3F“ subshells, respectively, determines all the dlf“fer—not only in dipole but also in monopole and quadrupole

ences between the HF and RPAE values of the GOS'505's. Of : :
. . great interest is also the dependence of the
Clearly, as seen from Fig.(lj) the RPAE effects on the GOS’s in the dipole channel. All these predictions are non-

GOS's of the ;S-electrorr\] in Ne _bec_on:jgﬁstronger With the yia| and deserve careful experimental verification. Further-
increase ofj. However, the situation is different in Ar. From .0 *\ve expect that the results of our calculations will

Fig. 2b), we see that wheq increases the main maximum g late experimental investigations of fast electron inelas-
of the r?t'f) 73s—ep(@,0) decreases. Due to the oscillations . scattering.
of exp(q-r) wheng increases, the RPAE values of the GOS’s  Another source of interest in thab initio GOS data pre-
as a function ofw acquire an additional maximum at,.,  sented above comes from recent investigations of their be-
=8.5 Ry, as compared to the behavior of the exponent aavior at smallg. Indeed, although it is known that ap
small values ofg. In the GOS's for the Ne @, the RPAE .0 the GOS's must converge to the optical oscillator
effects increase witlg, but for Ar 3p the role of the RPAE  strengths, the direct approach to this limit using experimental
correlations on the GOS's even decreases with the growth igata on inelastic scattering is extremely difficult, if not im-
g. For Kr and Xe we have a completely different and com-possible at al[59]. To reach this limit for a given value @$
plicated situation. Indeed, it is seen from Fig&c)3and 3d)  one must havg— =, which is experimentally impossible to
that the Kr GOS curve acquires, with the increasejofn  accomplish. Consequently, semiphenomenological and ana-
additional, almost symmetric maximum at about 5 Ry. Forlytical continuation using Regge pole methdd®,41 were
Xe 5p both its maxima, the first near threshold and the secdeveloped to clarify the proper behavior of the GOS’s at
ond at about 7 Ry, decrease with increaseginthe same small q [59]. However, these investigations have concen-
applies to the Kr 4 and Xe % GOS's. In the investigated trated mainly on the optically allowed atomic transitions in
regime ofg, 0<g<1.9 a.u. our calculations have demon- the region of smallg. On the other hand, the calculations
strated that the RPAE effects on theelectrons do not de- within the RPAE framework give rather accurate results, at
pend too strongly o [see Fig. 4d)]. least it was the case for the photoionization process. Thus, it
We next consider the monopole GOS's. As alreadyis quite natural to compare the smalbehavior of the GOS’s
pointed out above, the monopole GOS’s, consistent with th@btained using the RPAE with those calculated from Regge
general theory, first start by increasing rapidly,qi’s with pole studies.
the growth of g. After reaching their maxima at|maxn, Therefore, our continuing investigation involves studying
~1Ir,, wherer, is the radius of the ionized subshell, the the smallg behavior of the GOS'’s for dipole, monopole, and
GOS's start to decrease @éncreases to 1.9 a.u. Figure®lL quadrupole atomic transitions using the RPAE, particularly
and 3a) show their behavior for Ne and Kr, respectively. The since it appears that multielectron correlation effects are sig-
role of RPAE correlations varies considerably with thenificant already at smalj values. The study is important in
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